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Abstract:
We study the symmetry energy in infinite nuclear matter employing a non-
relativistic Brueckner-Hartree-Fock approach and using various new nucleon-
nucleon (NN) potentials, which fit np and pp scattering data very accurately.
The potential models we employ are the recent versions of the Nijmegen group,
Nijm-I, Nijm-II and Reid93, the Argonne V18 potential and the CD-Bonn po-
tential. All these potentials yield a symmetry energy which increases with den-
sity, resolving a discrepancy that existed for older NN potentials. The origin
of remaining differences is discussed.
1 Introduction
The equation of state (EOS) for neutron star matter and infinite nuclear mat-
ter has been intensively studied for many years. A correct description of the
EOS would have far reaching consequences for topics ranging from the cooling
of neutron stars [1,2] to the physics of heavy ion collisions [3]. Furthermore,
recent radioactive ion beam experiments [4,5] have provided new information
on the structure of unstable nuclei far from equilibrium. The latter may open
the possibility of extracting information on the EOS for asymmetric matter
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and the density dependence of the nuclear symmetry energy. The symmetry
energy S(n) is defined as the difference between the energy per particle in pure
neutron matter E(n, χp = 0) and the binding energy per particle in symmetric
nuclear matter E(n, χp = 1/2), where n is the total baryon density in units of
fm−3 and χp = np/n is the proton fraction.
Knowledge of the symmetry energy at high densities is of particular impor-
tance in nuclear astrophysics where the density dependence of S(n) is crucial
for understanding e.g., the cooling mechanisms in a neutron star [2]. The sym-
metry energy determines the proton fraction in β-stable matter. The proton
fraction is in turn important for the cooling history of a neutron star. At a
certain critical value, typically χp ≈ 0.15, the so-called direct URCA pro-
cesses for neutrino emissions are allowed [2]. Further, neutrino emissivity from
the so-called modified URCA processes do also depend on the given proton
fractions, see e.g., Ref. [6].
Many calculations of the symmetry energy and the EOS have been performed
using different methods to solve the non-relativistic many-body problem of
infinite nuclear matter and employing various realistic models of the nucleon-
nucleon (NN) interaction, which were all adjusted to describe NN scattering
phase shifts. All these calculations yield similar results for the symmetry en-
ergy around the saturation density of nuclear matter and are in reasonable
agreement with the empirical estimate [1]. The predictions for the symmetry
energies at high densities were quite different. The variational calculations of
Wiringa et al. [7] using the Argonne V14 potential [8], predict e.g., a sym-
metry energy which varies only very little for densities n >0.3 fm−3, while
Brueckner-Hartree-Fock (BHF) calculations using One-Boson-Exchange po-
tentials predict symmetry energies which increase with density also for larger
densities [9,10].
This difference could be caused either by the method used to solve the many-
body problem or by the NN interaction employed. Therefore, as a first step,
we have recalculated the symmetry energy using the BHF approach described
below and applied various realistic NN interactions. Results for these symme-
try energies S(n) as a function of density n are displayed in Fig. 1 for models
of the NN interaction such as the Reid [11], Argonne V14 [8] and Paris po-
tentials [12]. Using the Argonne V14 potential, the BHF calculation yields a
symmetry energy which is almost constant for densities above twice nuclear
matter density, consistent with results from corresponding variational calcula-
tions. The Reid potential leads to a symmetry energy which, at high densities,
is even lower than the Argonne result, while the symmetry energy from the
Paris potential increases almost linearly with density. These results indicate
that the differences in the prediction of the symmetry energy at high densities
are not caused by the many-body method used, but rather originates from the
various models used for the NN interaction.
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Fig. 1. Symmetry energy S as function of density n for the Paris, Reid and Argonne
V14 potentials.
A symmetry energy derived from the Reid or Argonne potential has in turn
the consequence that the direct URCA process can never occur, or if it occurs,
it starts at very high densities. For the V14 in a BHF calculation, it starts at
a density of 1.5 fm−3. This should be contrasted to the results with the Paris
potential where the direct URCA process occurs at a density of 0.9 fm−3.
However, when comparing these results, one should note that these potentials
are not phase-shift equivalent, i.e., they do not predict exactly the same NN
phases. Furthermore, the predicted phase shifts do not agree accurately with
modern phase shift analyses, and the fit of the NN data is typically χ2/datum
≈ 3. During the last years, progress has been made not only in the accuracy
and the consistency of the phase-shift analysis, but also in the fit of realistic
NN potentials to these data. As a result, several new NN potentials have been
constructed which fit the world data for pp and np scattering below 350 MeV
with high precision. Potentials like the recent CD-Bonn [13], the Argonne V18
[14] or the new Nijmegen [15] potentials yield a χ2/datum of about 1 and may
be called phase-shift equivalent.
The aim of this paper is therefore to investigate whether these modern phase
equivalent potentials also predict differences in the symmetry energy similar
to those shown in Fig. 1. Moreover, we would like to trace possible different
trends in the symmetry energy back to features of the NN potentials and
their contributions in various partial waves. In order to do so, we will try
to keep the many-body scheme as simple as possible. Here we will employ
a non-relativistic BHF approach to evaluate the symmetry energy. In order
to prepare the ground for studies of infinite matter, we present in the next
section some results for the scattering matrix, while in section 3 we discuss
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the symmetry energy for infinite matter. Concluding remarks are presented in
section 4.
2 Phase-shift equivalent NN potentials
The potentials we will employ here are the recent models of the Nijmegen
group [15], the Argonne V18 potential [14] and the charge-dependent Bonn
potential (CD-Bonn [13]). In 1993, the Nijmegen group presented a phase-
shift analysis of all proton-proton and neutron-proton data below 350 MeV
with a χ2 per datum of 0.99 for 4301 data entries. The above potentials have
all been constructed based on these data. The CD-Bonn potential has a χ2
per datum of 1.03 and the same is true for the Nijm-I, Nijm-II and Reid93
potential versions of the Nijmegen group [15]. The new Argonne potential V18
[14] has a χ2 per datum of 1.09.
Although all these potentials predict almost identical phase shifts, their math-
ematical structure is quite different. The Argonne potential, the Nijm-II and
the Reid93 potentials are non-relativistic potential models defined in terms of
local potential functions, which are attached to various (non-relativistic) oper-
ators of the spin, isospin and/or angular momentum operators of the interact-
ing pair of nucleons. Such approaches to the NN potential have traditionally
been quite popular since they are numerically easy to use in configuration
space calculations. The Nijm-I model is similar to the Nijm-II model, but it
includes also a p2 term, see Eq. (13) of Ref. [15], which may be interpreted as
a non-local contribution to the central force. The CD-Bonn potential is based
on the relativistic meson-exchange model of Ref. [16] which is non-local and
cannot be described correctly in terms of local potential functions. However,
it is represented most conveniently in terms of partial waves.
For a given NN potential V , the R-matrix (or K-matrix) for free-space two-
nucleon scattering is obtained from the Lippmann-Schwinger equation, which
reads in the center-of-mass (c.m.) system and in partial-wave decomposition
RJSTl′l (q
′, q;E) = V JSTl′l (q
′, q) +
∑
l′′
P
∞∫
0
k2dkV JSTl′l′′ (q
′, k)
M
ME − k2
RJSTl′′l (k, q;E).
(1)
The label l represents the orbital angular momentum of the relative motion,
J is the total angular momentum, S the spin and T the isospin. Relative
momenta are given by q, q′, k, while the energy of the interacting particles is
denoted by E. Notice that the principle value integral (P) for the integration
over the intermediate momenta k extends from zero to infinity. The phase-
shifts for a given partial wave can be calculated from the on-shell matrix
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element of R, which is obtained by setting
q = q′ = q0 and E =
q20
M
(2)
Since all NN interactions considered in this paper reproduce the same phase-
shifts, the corresponding on-shell matrix elements of R calculated from these
various potentials are identical as well. As an example, we display the value of
these R matrix elements in Figs. 2 - 4 for NN scattering with Tlab = 2E = 150
MeV and a corresponding value of q0 = 265 MeV/c. This R matrix element
is denoted by a star and is identical for all 5 potentials under consideration.
What is different, is the contribution of the first term on the right-hand side
of Eq.(1) to this value of R, which is the Born approximation to R, and the
contributions of second and higher order in V , which are contained in the
second term on the right-hand side of Eq.(1). This is demonstrated in Figs.
2 - 4, which display the matrix elements V JSTl′l (q0, k) for the different bare
potentials as a function of k. The diagonal matrix element V JSTl′l (q0, q0), which
represents the Born approximation to the R matrix, is denoted by a solid dot.
Fig. 2. Matrix elements V (q0, k) for the
1S0 partial wave for the CD-Bonn (solid
line), Nijm-I (dashed), Nijm-II (dash-dot), Argonne V18 (dash-triple-dot) and
Reid93 (dotted) potentials. The diagonal matrix elements with k = q0 = 265 MeV/c
(equivalent to Tlab = 150 MeV) are marked by a solid dot. The corresponding matrix
element of the full scattering R-matrix is marked by the star.
Looking e.g., at the results for the 3S1 channel displayed in Fig. 3 we see that
the Nijm-II potential is a rather “hard” potential in the sense that the diagonal
matrix element of the bare potential is very repulsive. In order to obtain the
attractive matrix element of R, which yields the empirical phase shift, a lot of
attraction has to be supplied from the contributions to R which are beyond
the Born-approximation. On the other hand, the CD-Bonn potential is rather
“soft” in this channel, implying that much less attraction is needed from the
terms of higher order in V in Eq. (1), to obtain the empirical value of R.
Similar features can also be observed in the 1S0 and
3P1 partial waves in Figs.
5
Fig. 3. Matrix elements for the 3S1 and
3S1–
3D1 potentials. Legend as in Fig. 2.
Fig. 4. Matrix elements for the 3P1 partial wave. Legend as in Fig. 2.
2 and 4, respectively. Different potentials turn out to be the “softest” potential
in the various partial waves. It should be noted that the differences between
the various potentials are getting smaller with increasing l. For D-waves and
higher partial waves the various potentials are almost equal. There are still
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differences for P -waves 1.
So what are the differences between the various NN potentials discussed so far,
which might be responsible for the differences displayed in Figs. 2 - 4? The NN
potentials denoted by Reid93 and Nijm-II [15] are purely local potentials in the
sense that they consider the local form of the One-Pion-Exchange potential
for the long-range part and parametrize the contributions of medium and
short-range in terms of local functions, depending on the distance between
the interacting nucleons, multiplying a set of spin-isospin operators. The same
is also true for the Argonne V18 potential [14]. The NN potential denoted as
Nijm-I [15] also contains the local representation of the One-Pion-Exchange
part but keeps track of non-localities of the medium- and short-range central-
force components, which one obtains by evaluating these contributions from
a One-Boson-Exchange model in terms of second-order Feynman diagrams.
The CD-Bonn potential on the other hand [13] has been evaluated completely
within this scheme. It has been shown [13] that ignoring the non-localities in
the One-Pion-Exchange part leads to a larger tensor component in the bare
potential. This may also be the origin of the fact that the CD-Bonn potential
yields a smaller D-state probability for the Deuteron (PD = 4.83%) than the
other potentials (PD ≈ 5.6%).
Returning to Figs. 2 - 4 we see that for the 1S0 partial wave, which is not
affected by the tensor component, the NN interactions CD-Bonn and Nijm-I,
which both account for non-localities, exhibit rather similar results for the
bare potential, while the pure local potentials do require more attraction from
the non-Born terms to get to the empirical value of R. In the case of the 3S1
channel we observe a difference also between the CD-Bonn and the Nijm-I
potential, which should be related to the fact that the CD-Bonn potential
includes non-local effects also in the One-Pion-Exchange contribution. As it
has been demonstrated in [13] the neglect of non-local components in the One-
Pion-Exchange term increases the non-diagonal matrix elements of V in the
coupling channel 3S1–
3D1 (cf. Fig. 3). This implies that the contributions to R
in the 3S1 partial wave, which are of second and higher order in V (see Eq. 1),
give rise to more attraction, when local approximations to One-Pion-Exchange
term are considered. Consequently, the diagonal matrix elements of V in this
channel must be less attractive to obtain the same matrix element for R. In
the language used above this means that the potential which accounts for the
non-locality of the One-Pion-Exchange (the CD-Bonn) is “softer” than the
other potentials (see Fig. 3).
1 The original Nijm-II potential yielded an unphysical bound state for the 1P1
wave, as pointed out by Nogga et al. [17]. In the present work, the updated Nijm-II
potential is used [18].
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3 Symmetry energy in infinite matter
The many-body method we will employ in deriving the symmetry energy
and the relevant proton fractions is a rather simple one, the non-relativistic
Brueckner-Hartree-Fock (BHF) method with a continuous single-particle spec-
trum [19]. Here it will serve us as a mere tool to investigate various NN poten-
tials so that the discrepancies observed can be retraced to the NN potentials
only. This is also the main aim of this work, as discussed in the introduction
as well. Moreover, the G-matrix offers a rather direct link to the R-matrix
discussed in the previous section. Therefore, as discussed below, eventual dif-
ferences between various potentials in a finite medium should be easily retraced
to e.g., Figs. 2-4 and the structure of the R-matrix.
Before we proceed, we feel however that a disclaimer is necessary. We do
not, by obvious reasons, believe that a non-relativistic BHF scheme offers the
most realistic approach to matter at densities above nuclear matter saturation
density n = 0.17 fm−3. Other many-body contributions such as three-hole line
contributions could be important in order to reproduce the empirical data.
Although recent investigations by Baldo et al. [20] indicate that the BHF
approach with a continuous choice for the single-particle spectrum accounts
for three-hole line contributions in nuclear matter (see also the work of Day
[21]), further many-body terms as included in the recent variational calculation
of Akmal and Pandharipande [22]. Moreover, accounting only for nucleonic
degrees of freedom should be viewed as nothing but a first approximation.
There is no reason why other baryons should not be present at higher densities.
The energy per particle E(n, χp) within the BHF scheme is given in terms of
the so-called reaction matrix G. The latter is obtained by solving the Bethe-
Goldstone equation for various proton fractions χp [9]
G(ω, χp) = V + V
Q(χp)
ω −H0
G(ω, χp), (3)
where ω is the unperturbed energy of the interacting nucleons, V is the free NN
potential, H0 is the unperturbed energy of the intermediate scattering states,
and Q(χp) is the Pauli operator preventing scattering into occupied states.
Only ladder diagrams with intermediate two-particle states are included in
Eq. (3). The structure of the Bethe-Goldstone equation can then be directly
compared to the R matrix for free NN scattering, Eq. (1). Note that in (3) we
have suppressed the quantum numbers for the various partial waves as well as
the integral over the intermediate two-particle states in order to simplify the
notation.
It is obvious that one expects the matrix elements of G to be rather close to
those of R with only small deviations. These deviations originate from two
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effects which reduce the contributions of second and higher order in V to the
G-matrix as compared to their contributions to R. One is the so-called Pauli
quenching effect: the Pauli operator Q in (3) restricts the intermediate particle
states to states above the Fermi energy. The second one is the dispersive effect:
the energy denominators in (3) are defined in terms of the single-particle
energies of nucleons in the medium while the corresponding denominators of
(1) are differences between the energies of free nucleons. Since the absolute
values for the energy differences between nucleons, which feel the mean field of
the nuclear system, are larger than the energy differences between the kinetic
energies, also this dispersive correction reduces the attractive contributions of
the non-Born terms.
As a result, the matrix elements of G tend to be less attractive than the cor-
responding matrix elements of R. This difference is due to the two quenching
mechanisms which we just discussed. Since it originates from the quenching of
the non-Born terms, it is smaller for a “soft” potential (using the terminology
of the previous section) since the contribution of the non-Born term is weaker
in this case. With the G-matrix we can calculate the total energy per nucleon
E(n, χp) = T + U(n, χp), (4)
with the kinetic energy
T =
3k5Fp + 3k
5
Fn
10mk3F
(5)
where the total Fermi momentum kF and the Fermi momenta kFp, kFn for
protons and neutrons are related to the total nucleon density n by
n =
2
3π2
k3F
= χpn + (1− χp)n
=
1
3π2
k3Fp +
1
3π2
k3Fn (6)
χp denotes the proton fraction and corresponds to the ratio of protons as com-
pared to the total nucleon number (Z/A). The contribution of the potential
energy U to the total energy per particle can be written
U(n, χp) =
1
2n
1
(2π)6
∑
a,b=(pn)
kFa∫
0
d3ka
kFb∫
0
d3kb〈kakb|G(ω = ǫa(ka) + ǫb(kb))|kakb〉,
(7)
The single-particle energies for protons and neutrons are denoted by ǫa. For
a given density n and proton fraction χp they depend on the momentum k of
the nucleon and are determined self-consistently using the BHF theory. The
integrals in (7) can be decomposed into contributions of various partial waves.
In the limit of pure neutron matter only those partial waves contribute, in
which the pair of interacting nucleons is coupled to isospin T = 1. Due to
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the antisymmetry of the matrix elements this implies that only partial waves
with even values for the sum l + S, like 1S0,
3P0 etc. need to be considered
in this case. For proton fractions different from zero, in particular the case of
symmetric nuclear matter, also the other partial waves, like 3S1−
3D1 and
1P1
contribute. See e.g. Ref. [23] for further details.
Since the contribution of the kinetic energy T to the total energy is indepen-
dent on the NN interaction chosen, we will restrict the following discussion to
the potential energy per nucleon U and explore the contribution of the various
partial waves to it. As a first example we display in Fig. 5 the contribution
of the 1S0 partial wave to the potential energy per nucleon U of symmet-
ric nuclear matter as a function of density n. The potentials employed are
the CD-Bonn potential [13](solid line), the three Nijmegen potentials, Nijm-I
(long dashes), Nijm-II (short dashes) and Reid93 (dotted line)[15] and the
Argonne V18 [14] (dot-dashed line).
One observes that the results for the CD-Bonn potential are essentially identi-
cal to those of the Nijm-I. Both potentials yield substantially more attraction
in this particular partial wave than the other three considered here. This is in
complete agreement with the observations made in the previous section (see
Fig. 2). There we observed that the CD-Bonn and the Nijm-I potential, the
two potentials accounting for non-local effects in the medium- and short-range
components of the central force are “softer” in this partial wave than the other
two. This means that the quenching effects, which reduce the attraction of the
non-Born terms in G as compared to R (as discussed above) are less efficient
for these two potentials as compared to Nijm-II, Reid93 and Argonne V18.
Consequently the CD-Bonn potential and the Nijm-I yield more attraction.
At a density of e.g., 0.6 fm−3, we get a contribution to the potential energy
from the 1S0 channel of −33.4, −33.2 , −29.2, −29.1 and −29.1 MeV for the
CD-Bonn, Nijm I, Nijm II, Reid93 and Argonne potentials, respectively.
Similar observations can also be made for the contribution of the 3S1 partial
wave to the binding energy per nucleon displayed in Fig. 6. The “softer” the
potential in this channel (compare Fig. 3), the more attraction is obtained.
Although the differences we observed in the previous figure for the 1S0 wave
are present here as well, this partial wave is particularly sensitive to the tensor
component of the NN interaction, which originates mainly from the One-Pion-
Exchange contribution. Due to these strong tensor correlations, the non-Born
terms in Eqs. (1) and (3) are more important in the 3S1 than in the
1S0 channel.
Therefore, the differences in the binding energy contribution predicted from
the different interactions are particularly large in this channel. A potential
model with a weak tensor force yields more attraction in a nuclear system
than a potential with a strong tensor force. This is clearly seen in Fig. 6
where we study the contribution from the 3S1 partial wave in the contribution
to the potential energy U . At a density of 0.6 fm−3, we get a contribution
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to the potential energy from the 3S1 channel of −33, −24 , −20.4, −21.3 and
−20.1 MeV for the CD-Bonn, Nijm I, Nijm II, Reid93 and Argonne potentials,
respectively, a difference of more than 50% between the CD-Bonn potential
and the Nijm II, Reid93 and Argonne potentials. However, it is not only the
tensor which plays a significant role in explaining the differences seen in Figs.
5 and 6. The Nijm I potential has a non-local term to the central force, a
term which explains the differences of approximately 20% between the Nijm I
potential and the Nijm II and Reid93 potentials. This is the same mechanism
discussed in connection with Fig. 5. The non-localities included in the tensor
force of the CD-Bonn potential are in turn responsible for the further difference
of 9 MeV between the CD-Bonn potential and the Nijm I potential. The
differences discussed in Fig. 3 and the way they affect the integral term in the
G-matrix (and T ) are clearly seen in Fig. 6.
Thus, Figs. 5 and 6 demonstrate in a clear way the importance of the tensor
force and non-local terms in the construction of the nucleon-nucleon force. In
addition, non-negligible differences seen in P -waves are reflected in different
behaviors for partial waves with l ≥ 1. In Fig. 7 we display the contributions
from partial waves with l ≥ 1. In the P channels, the CD-Bonn potential
predicts less attraction than the other potentials. This in line with the obser-
vation made in the previous section (see Fig. 4) that for these partial waves,
the Nijmegen potentials are “softer”. Note also that the Argonne V18 slightly
deviates from the Nijmegen potentials. The difference can mainly be retraced
to different contributions from P -waves. This difference, together with that
observed in the 1S0 channel of Fig. 5, will be important in explaining the
behavior of the new Argonne potential in neutron matter. For partial waves
with l ≥ 2, the results differ by some few keV only.
Putting the contributions from various channels together 2, one obtains the
total potential energy per nucleon U for symmetric nuclear matter and neutron
matter. These results are displayed in Figs. 8 and 9, respectively.
The differences between the various potentials are larger in calculating the en-
ergy of nuclear matter. This is mainly due to the importance of the 3S1−
3D1
contribution as we discussed above. This is of course in line with previous in-
vestigations, which showed that the predicted binding energy of nuclear matter
is correlated to the strength of the tensor force, expressed in terms of the D-
state probability obtained for the deuteron (see e.g. [23]). This importance of
the strength of the tensor force is also seen in the calculation of the binding
energy of the triton in Ref. [13,17]. The CD-Bonn potential yields a binding
energy of 8.00 MeV, the Nijm-I potential gives 7.72 MeV while the Nijm-II
yields 7.62 MeV, the same as does the new Argonne potential [14].
2 In our calculations we include all partial waves with l < 10.
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Fig. 5. Potential energy per particle U for symmetric nuclear matter originating
from the 1S0 partial wave only as a function of density n. Results are shown for the
CD-Bonn potential [13], the new Argonne V18 potential [14] and the three recent
versions of the Nijmegen group [15].
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Fig. 6. Potential energy per particle U for symmetric nuclear matter originating
from the 3S1 partial wave only.
In Fig. 9 we have plotted the results for pure neutron matter. For the density
of 0.6 fm−3, we get a contribution to the potential energy of −29.0, −30.2,
−28.7, −28.1 and −24.0 MeV for the CD-Bonn, Nijm I, Nijm II, Reid93 and
Argonne potentials, respectively, i.e., a difference of the order of few percents
for the first four potentials. The Argonne V18 potential [14] deviates from
the other four potentials due to slightly more repulsive contributions from P -
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Fig. 7. Potential energy per particle U for symmetric nuclear matter originating
from partial waves with l ≥ 1.
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Fig. 8. Potential energy per particle U for symmetric nuclear matter as function of
total baryonic density n.
waves, especially from the 3P1 wave. Similar results were also obtained recently
in Ref. [22] for the new Argonne potential. In the T = 1 channel there are no
contributions from the 3S1 channel and the tensor force plays therefore a less
important role. The differences in the 1S0 channel follow the discussion above
in connection with Fig. 5. Further differences are mainly due to contributions
from the 3P1 partial wave.
From the potential energy U one can evaluate the total energy per nucleon
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Fig. 9. Potential energy per particle U for pure neutron matter.
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Fig. 10. Symmetry energy S as function of density n.
E according to Eq. (4) for both symmetric nuclear matter and pure neutron
matter and identify the difference with the symmetry energy
S(n) = E(n, χp = 0)− E(n, χp = 1/2) (8)
Results for these symmetry energies as a function of density n are presented
in Fig. 10. None of the new potentials predict a saturation of the symmetry
energy as a function of density as was the case for older local potentials dis-
cussed in Fig. 1. The differences between the various predictions are smaller
than those between the older versions of the NN potential. The remaining dis-
crepancies can be traced back to the non-locality of the potential considered, as
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we discussed above. For the Argonne potential, where the results in symmetric
nuclear matter are almost identical to those from the Reid93 and the Nij II
potentials (see e.g., Fig. 3) the increase is mainly due to the abovementioned
more repulsive contributions from P -waves in neutron matter.
From the differences in symmetry energies one would expect that properties
like proton fractions in β-stable matter will be influenced. This in turn has
consequences for the cooling history of a neutron star. Thus, for the sake of
completeness, we show in Fig. 11 resulting proton fractions in β-stable matter.
The proton fraction in β-equilibrium is determined by imposing the relevant
equilibrium conditions on the processes e−+p→ n+νe and e
− → µ−+νµ+νe.
The conditions for β-equilibrium require that µn = µp + µe, where µi is the
chemical potential of particle species i , and that charge is conserved np = ne.
We include muons, which appear at densities close to the saturation density for
nuclear matter. We assume that the neutrinos do not contribute. The proton
and neutron chemical potentials are determined from the energy per particle
E(n, χp) where we calculate the latter quantity for several proton fractions χp
and impose the above equilibrium conditions for β-stable matter.
It is seen from Fig. 11 that the differences reflected in the symmetry energy
appear also for the proton fractions. For the CD-Bonn potential the direct
URCA process can occur at a density of 0.88 fm−3, for the Nijm I it starts
at 1.25 fm−3 while for the Reid93 potential one reaches the critical density
at 1.36 fm−3. The Argonne potential allows for the direct URCA process at a
density of 1.05 fm−3. For the Nijm II we were not able to get the direct URCA
process for densities below 1.5 fm−3 MeV.
χp with Argonne V18
χp with Reid93
χp with Nijm II
χp with Nijm I
χp with CD-Bonn
n (fm−3)
χ
p
10.80.60.40.2
0.2
0.15
0.1
0.05
0
Fig. 11. Proton fraction χp for β-stable matter as function of density n
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Finally, in Fig. 12 we plot the final equation of state ε (which also includes
the contribution from leptons) for β-stable matter. Since the proton fractions
are not too large, see Fig. 11, the 3S1 contribution with Tz = 0 plays a less
significant role than that seen in Fig. 6. Thus, the main contribution to the
differences between the various potentials arises from the Tz = 1 channel. The
ε with Argonne V18
ε with Reid93
ε with Nijm II
ε with Nijm I
ε with CD-Bonn
n (fm−3)
ε(
n
)
(M
eV
fm
−
3
)
10.90.80.70.60.50.40.30.20.1
100
80
60
40
20
0
Fig. 12. Equation of state ε for β-stable matter as function of density n
results for β-stable matter shown in Fig. 12 are gratifying in the sense that
with the present high-quality potentials one does not have the large differences
between potentials as seen e.g. in Ref. [7]. This means also that a calculation
like the present with two-body forces only and employing new high-quality
potentials will yield a mass-radius relationship for a neutron star which is
rather similar for all potentials considered.
4 Conclusions
The most recent parametrizations of the nucleon-nucleon potential have been
employed to evaluate the energy of asymmetric nuclear matter at high densities
using the non-relativistic Brueckner-Hartree-Fock (BHF) approximation. An
attempt has been made to relate the differences in the predicted energies to
basic features of these interactions which are essentially phase-shift equivalent.
We find that the energies predicted for pure neutron matter and β-stable mat-
ter are quite similar for all modern NN potentials. This may indicate that in-
consistencies between various models for the NN potential in the isospin T = 1
channel have been diminished by the improved fit to the data. Differences are
larger for the calculated energy of symmetric nuclear matter. All symmetry
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energies resulting from the different potentials increase with density, no satu-
ration is observed, as was the case for older models of the NN potential[8,11].
The remaining discrepancies can be traced back to the inclusion of non-local
contributions in the short-range components of the NN interaction as well
as in the One-Pion-Exchange contribution. The non-localities included in the
CD-Bonn potential[13] and partly also in the Nijm-I potential of the Nijmegen
group[15] lead to more binding energy in nuclear matter. These non-localities
are based on the meson-exchange model of the NN interaction. Their inclusion
may be considered as an improvement compared to purely local potentials like
Nijm-II, Reid93 and Argonne V18[14]. Additional non-local contributions may
arise from short-range quark-gluon exchange.
The calculations have been performed using a simple many-body scheme, a
non-relativistic Brueckner-Hartree-Fock approach. The reason being that this
method allows one in a direct way to relate certain many-body terms directly
to the T -matrix. More complicated many-body terms have to be included in
order to obtain a realistic EOS and symmetry energy. Three-body forces [7,22]
and/or relativistic effects [9] are known to add repulsion at higher densities.
These effects may therefore yield a more repulsive EOS and stiffer symmetry
energy.
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